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ABSTRACT

A previously employed method that uses the composition of noncoding DNA as the basis of a test for
selection between synonymous codons in plastid genes is reevaluated. The test requires the assumption
that in the absence of selective differences between synonymous codons the composition of silent sites in
coding sequences will match the composition of noncoding sites. It is demonstrated here that this assump-
tion is not necessarily true and, more generally, that using compositional properties to draw inferences
about selection on silent changes in coding sequences is much more problematic than commonly assumed.
This is so because selection on nonsynonymous changes can influence the composition of synonymous
sites (z.e., codon usage) in a complex manner, meaning that the composition biases of different silent
sites, including neutral noncoding DNA, are not comparable. These findings also draw into question the
commonly utilized method of investigating how selection to increase translation accuracy influences codon
usage. The work then focuses on implications for studies that assess codon adaptation, which is selection
on codon usage to enhance translation rate, in plastid genes. A new test that does not require the use of
noncoding DNA is proposed and applied. The results of this test suggest that far fewer plastid genes
display codon adaptation than previously thought.

ODON bias is generally thought to result from the
interplay of two forces, mutation bias and selection
between synonymous codons (L1 1987; AkasH1 and
EYrRE-WALKER 1998; DUrReT and MoucHIROUD 1999).
Since the time codon bias was first observed there has
been a great deal of interest in determining the relative
importance of these two forces as well as the factors that
contribute to natural selection favoring one codon over
a synonym. There is now strong evidence that in certain
species selection discriminates between synonymous co-
dons due to differences in translation efficiency (IKE-
MURA 1985; SHARP 1991; AkasHI 1995; MorTON 1998,
2000). These differences result in codon adaptation in
the highly expressed genes of these organisms, which
is a bias toward those codons (“major” codons) that
are complementary to abundant tRNAs (IKEMURA 1985;
ANDERSSON and KurRrLAND 1990; BuLMER 1991). Evi-
dence for codon adaptation in highly expressed genes
has now been advanced for a number of unicellular
organisms (IKEMURA 1985; SHARP 1991), Drosophila
(AxkasH1 1994, 1995), and plastid genomes (MORTON
1993, 1998, 2000).

A number of sequence comparison methods have
been developed to infer whether or not codon usage
of a gene or organism has been influenced by selection.
Variations of the MacDonald-Kreitman test have proven
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effective in determining the influence of selection on
the evolution of a particular sequence when polymor-
phism data are available (MAcDoNALD and KREITMAN
1991; Axasnr 1999). In their absence a common ap-
proach is to compare compositional properties of silent
sites to those of noncoding DNA. The way that mutation
(M) and selection between synonymous changes (Ss)
are commonly thought to generate codon bias can be
represented very simply as

M + S — codon bias.

This basic model leads to the common assumption
thatin the absence of selection on synonymous substitu-
tions the composition of silent sites in protein-coding
sequences will be affected only by the mutation bias
and, therefore, the silent sites will all have the same
equilibrium base frequencies and the same composition
bias as neutral noncoding DNA.

This assumption has been the basis of many analyses.
Comparisons between the composition of introns and
silent sites of coding regions have been used in studies of
codon usage in Drosophila (CARULLI ¢t al. 1993; KLIMAN
and Hey 1994) and noncoding base frequencies have
been used to generate expectations concerning codon
frequencies in yeast (PERCUDANI and OTTONELLO
1999). It has also been used to generate what has been
referred to as parity rule 2 (PR2), which is the proposal
that base frequencies at fourfold degenerate sites of
coding sequences should be such that fy = frand f; =
Jcin the absence of selective differences between synony-
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mous codons (CHARGRAFF 1979; SUEokA 1992, 1999),
assuming that the mutation bias is equivalent in the
two strands. The assumption is also implicit in the null
hypothesis that the codon usage at conserved and vari-
able amino acid sites should be equal, used by AkasH1
(1994) as the basis for a test of the influence of transla-
tion accuracy on codon usage.

Noncoding DNA has also been used to investigate
codon adaptation in plastid genes. The composition of
noncoding regions was used as an estimate of mutation
bias so that it could be determined if the frequency of
major codons in any given gene was significantly higher
than expected from mutation bias alone (MORTON
1998). For each gene, replicate random genes were gen-
erated with the same amino acid usage as the gene itself
but with codon usage assigned randomly on the basis
of resampling from the dinucleotide pool of noncoding
regions from the same genome. The resulting distribu-
tion yielded an expected frequency of major codon us-
age in the absence of selection. The replicates also gen-
erated a variance so that selection could be inferred in
cases where the observed level of major codon usage
was significantly greater than the expectation. When
this test was applied to plastid genes from a wide array
of lineages it was found, generally, that >35% of genes
from different algae and >10% of genes from land
plants showed evidence for selection (MORTON 1998).

The current work is a reconsideration of the analysis
of plastid genes and others like it that utilize composi-
tional properties. The possibility that a third factor, se-
lection on amino acid composition of a protein (S,),
might influence the frequency at which synonymous
codons are utilized is considered. Although the contri-
bution of §, to the relative usage of synonymous codons
has been ignored previously, this work demonstrates
that selection at the amino acid level could have a sig-
nificant influence on the composition of synonymous
sites. Therefore, the actual forces that interact to gener-
ate codon bias need to be represented as

M + Sg + S, — codon bias.

Although selection on amino acid usage has the po-
tential to be a significant factor, it is essentially impossi-
ble to determine the magnitude of the influence be-
cause of the difficulties in evaluating the parameters
involved. It does mean, though, that we cannot draw
inferences concerning selective differences between
synonymous codons by using the composition of non-
coding DNA to estimate M: If we find that codon bias
is significantly different from what is expected from M
alone, we cannot conclude that S # 0, only that & +
Sy # 0. As aresult, the previous analysis of codon adapta-
tion in plastid genes and other similar analyses were
based on an invalid assumption and must be reconsid-
ered.

This work is presented in two sections. The first sec-
tion demonstrates that S, has the potential to influence

synonymous codon usage, even if all synonymous changes
are neutral. In particular, it is shown that (1) the A +
T content of a twofold degenerate site is a function of
the strength of selection on amino acid usage at that
residue and (2) selection at the amino acid level can
give rise to asymmetry (f, 7 fr) at fourfold degenerate
sites even when the mutation bias alone yields symmetry.
Therefore, tests using compositional properties, such
as the previous resampling test (MORTON 1998) and
PR2 (Suroka 1999), to assess selection on silent changes
must be treated with caution. In addition, the common
method of comparing codon usage at conserved and
variable sites to infer selective differences based on a
need to translate certain codons more accurately
(AkasHI 1994) is invalid since the influence of S, is
different for conserved and variable sites. The second
section of the article proposes and applies a novel re-
cursive approach to assess codon adaptation of plastid
genes. The results suggest that fewer plastid genes dis-
play codon adaptation than concluded previously.

MODELS OF SEQUENCE EVOLUTION AND CODON
BIAS IN THE ABSENCE OF SELECTION ON
CODON USAGE

First we use a simplified evolutionary model to dem-
onstrate the manner in which selection at the amino
acid level can influence the frequency with which synon-
ymous codons are utilized. Because of the parameters
involved it is not possible to determine if selection on
amino acid usage is actually influencing the composi-
tional pattern of silent sites in specific genes. Despite
this, we are able to conclude that the composition bias
of a neutral site in any protein-coding sequences cannot
be generally expected to match either the composition
of neutral noncoding sites or the composition of other
silent sites in protein-coding sequences. The influence
of amino acid selection on codon usage is examined
first for twofold degenerate sites alone and then for all
codon groups using a codon-codon transition matrix.

Twofold degenerate sites: The primary approach to
studying the evolution of DNA sequences is to model
it as a Markov process (LEwONTIN 1989; GOoLDMAN and
YANG 1994; MuUsE and GauT 1994; Gu and L1 1998; Lio
and GoLDMAN 1998; YANG et al. 1998; YANG and NIELSEN
2000) in which the dynamics of change are represented
by an n X n transition matrix P, where Pjis the probabil-
ity of changing from state i to state j during a given
time interval. Usually, the observed base (or codon)
frequencies are assumed to be at equilibrium and then
incorporated into P, which can be used to derive mea-
sures for the comparison of homologous DNA sequence
data. In this study we instead generate matrices as a
function of mutation and selective pressure and then
calculate the stationary state of the process, which will
correspond to the equilibrium frequencies of either
nucleotide or codon composition. The stationary vector
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(¢) of a Markov transition matrix P is defined by the
relationship

¢ = oP. (1)

The stationary vector for a nucleotide mutation
model can be represented as (g, Ty, Ty, Tc). From any
initial vector the process will tend toward ¢ and then
remain at that composition. The stationary vector of a
matrix P can be determined by calculating I = P’ for
{ — oo. The matrix II is composed of n rows (for an n X
n P matrix) of ¢ (Cox and MILLER 1965). Therefore,
given any transition matrix we can solve the equilibrium
base frequencies or codon frequencies if it is a codon
transition matrix.

We start with the nucleotide mutation matrix, N, de-
fined as

al Bl B2
a2 B4 B3
B3 p4 a2
B2 B1 al

N =

Only off-diagonals are given in N, and the values of
the diagonal elements are such that each row sums to
1. All nucleotide matrices presented are in the order
G, A, T, C. This general matrix allows us to address
a number of possible mutation schemes and has the
advantage that it yields symmetrical equilibrium fre-
quencies (my = mwr and mg = m¢). It is also important
that N is not necessarily time reversible, which is an
assumption built into many common mutation models
to simplify some calculations. However, there is no bio-
logical reason for making this assumption (Lo and
GoLpMmAN 1998) so N is not constrained to be reversible.

The equilibrium A + T content for N can be deter-
mined from the equilibrium base frequencies

1 al + Bl

R ¢ . 9
T T ol + a2 + B + B3 (2)

If we now express a2 and 33 as functions of al and
B1, respectively, such that a2 = y1 al and 3 = y2 31,
then vyl and y2 measure the GC < AT mutation pressure
for transitions and transversions, respectively. The equi-
librium A + T composition can now be expressed by

A+T= ol + Bl .
al (1 + yp) + BI( + v2)

(3)

This mutation model allows us to investigate how the
A + T content of twofold degenerate sites is dependent
on the strength of amino acid selection. The basic idea
is that, if the GC < AT pressure is different for transitions
and transversions, then sites at which selection limits
substitutions to transitions will have a different A + T
content than neutral sites.

Let us assume that sites are undergoing mutations as
represented by N and that all synonymous changes are

neutral. We consider only the third codon position of
twofold degenerate amino acids, at which either a pu-
rine or a pyrimidine is favored depending on the amino
acid coded. (Changes at the first and second codon
positions are dealt with below.) Ignoring positive selec-
tion, the influence of selection at the amino acid level
can be modeled using the parameter s to represent the
reduction in the frequency of transversions at twofold
degenerate sites due to purifying selection. When s =
1 there is no selection and when s = 0 there are no
transversions due to absolute constraints. Using this pa-
rameter we can write the substitution matrix for twofold
degenerate sites as

al sB1 sB2
a2 sp4 sB3
sB3 sp4 o2
sB2 sB1 al

Ns:

The equilibrium A + T content for sites evolving by
N; is a function of the strength of selection at the amino
acid level as given by

al + sB1

A+T-= @)
al(1 + y1) + sB1(1 + v2)

The relationship between A + T content and selec-
tion on the amino acid level is not straightforward but,
rather, depends on the relative values of yl and y2 as
follows:

vl = v2: In this case, Equation 4 reduces to A + T =
1/ (1 +v1) and sdoes not influence A + T content.

vl < y2: Sites with lower s values (stronger selection)
have a higher equilibrium A + T content.

vl > v2: Sites with lower s values (stronger selection)
have a lower equilibrium A + T content.

Therefore, as long as yl # y2, the strength of selec-
tion on amino acid use influences the equilibrium A +
T content. Differences in composition between sites
with different levels of constraints at the amino acid
level will be most pronounced when the relative rate of
transversion mutations is higher and negligible when
transversions are relatively rare. Interestingly, N is time
reversible if and onlyif y1 = y2 so the general condition
under which selection will influence the A + T content
at twofold degenerate sites is when N is not time revers-
ible.

Some implications of Equation 4 are shown in Figure
1, which plots the equilibrium A + T content of con-
strained twofold degenerate sites (s < 1) as a fraction
of the equilibrium A + T content of unconstrained sites
(s = 1) that have the same mutation matrix. (This ratio
is referred to as ATy:ATyc.) Figure 1a demonstrates how
ATy:ATyc varies with respect to y2 and with variation in
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FIGURE 1.—The ratio of the equilibrium A +
T content at twofold degenerate sites (AT,) to the
equilibrium A + T content of unconstrained sites
(ATyc) is plotted over a range of parameter values.
The A + T contents were generated by applying
Equation 4 in the text. In a, the mutation parame-
ters al and a2 were set to 0.1 and 0.05 (meaning
thatyl = 0.5) while 1 was set to 0.2. Calculations
were performed over a range of values of s (selec-
tive constraints, see text for an explanation of
the parameters) and y2 (GC < AT pressure for
transversions). The selective pressure on twofold
degenerate sites varies from no selective con-
straints (s = 1) to absolute constraints (s = 0).

ATA/ATne

the s parameter for the constrained sites. When y2 <
v1l, ATy:ATy decreases as selection strength increases
but when v2 > v1 the A + T content increases with
increasing selection strength. With these parameters,
at the extremes of the range shown, fully constrained
twofold degenerate sites are ~20% higher or lower in
A + T content than are unconstrained sites.

Varying the value of B1 while holding al and o2
constant does not alter the general shape of the graph
in Figure la but ATy:ATy. approaches 1.0 at the ex-
tremes as 31 decreases so that the graph becomes pro-

The ATy values were calculated with s = 1 (no
selective constraints). All calculations were per-
formed over the range y2 = 0.01 to y2 = 1.0. In
b, the mutation parameters al and a2 were set
to 0.1 and 0.05, respectively, and calculations were
made over the ranges 1 = 0.01-0.2 and vy2 =
0.01-2.0. For each point the ratio is the A + T
contentwhen s = 0 (constrained twofold degener-
ate sites) divided by the A + T content of uncon-
strained sites. Note that the deviation of this ratio
from 1 is strongest when the relative transversion
rate in the mutation matrix (f1) is higher.

gressively flatter as 31 approaches 0 (data not shown).
In general, the degree of deviation of ATy:ATy: from
1.0 increases as B1 increases relative to al since in these
cases transversions, which do not affect the composition
of constrained twofold degenerate sites, will have more
influence on the equilibrium composition of neutral
DNA. This is demonstrated by Figure 1b.

In real sequences the selective constraints on amino
acid composition will vary from site to site, meaning
that the expected A + T content at twofold degenerate
sites will also vary from site to site, if the mutation dynam-
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ics meet the required conditions that yl # vy2. This
variation can exist among sites within a gene or as a
general property among genes with different overall
selective constraints. Therefore, the composition of
noncoding sequences cannot be used as an estimation
of the expected A + T content of twofold degenerate
sites of protein-coding sequences. Nor can twofold de-
generate sites with different selective constraints at the
amino acid level be expected to evolve to the same A + T
content, even when all synonymous changes are selec-
tively neutral.

This last point has particular implications for studies
that consider the influence of selection for translation
accuracy on codon usage (AkasHI 1994; Taurz and
NIGRO 1998; LABATE et al. 1999). The approach is to
compare the codon usage of conserved amino acid sites
with those that vary among the taxa studied, the former
assumed to be on average more important for protein
function and, as a result, potentially under stronger
selective pressure to be translated accurately. The null
hypothesis proposed is that the two types of sites have
the same expected codon frequencies (AkasHr 1994).
However, conserved and variable sites, by definition,
have different levels of amino acid constraints and as a
result could differ substantially in codon usage without
selection for translation accuracy or any other selective
difference between synonymous codons. Therefore, this
test for translation accuracy is inappropriate.

The limitation of the model presented is that it deals
only with changes at the third codon position. Despite
this limitation, the model provides a good basis for pre-
dicting how selection should influence A + T content
at twofold degenerate sites as a function of mutation
dynamics, primarily the parameters yl and y2. As long
as the degeneracy of most sites changes at a rate much
lower than the synonymous substitution rate, then the
relationship between mutation dynamics and A + T
content should not be significantly affected. This is dealt
with in the next section when more complex codon-
codon transition models are considered.

Codon-codon transition models: We now consider
how selection at the amino acid level could affect com-
position at neutral fourfold degenerate sites. The ap-
proach taken was to develop a simple model of sequence
evolution that incorporates only mutation bias and se-
lection between nonsynonymous replacements and
then to calculate the equilibrium codon frequencies for
the model. The influence of amino acid selection will
be assessed by measuring the AT asymmetry, or skew
([fr — Al/[fr + Al), produced when the underlying
mutation model itself generates no skew. The possibility
for skew at fourfold degenerate sites lies in the fact
that two different synonymous codons can mutate to
different nonsynonymous codons. For example, if we
compare nonsynonymous mutations from the glycine
codons GGA and GGT, GGA is a single mutation from
AGA (Arg), CGA (Arg), TGA (Stop), GAA (Glu), GCA

(Ala), and GTA (Val), while GGT is a single mutation
from AGT (Ser), CGT (Arg), TGT (Cys), GAT (Asp),
GCT (Ala), and GTT (Val). Differences in the probabil-
ity of fixation of these replacements, as well as differ-
ences in the probability of the forward and reverse
changes, could lead to significant differences in the
equilibrium frequencies of the two codons.

Different 61 X 61 Markov matrices for the sense co-
dons were generated by using various mutation matrices
based on N (above) and a second matrix called the
amino acid acceptance matrix (A). In the matrix A, A;
is the probability that a change from amino acid ¢ to
amino acid j that is generated by a nucleotide mutation
is “accepted” by selection. Although we are using the
term acceptance, the value does not actually represent
the probability of a nonsynonymous mutation being
fixed, but, rather, is the rate of that replacement as a
fraction of the rate of neutral evolution. Therefore, an
acceptance of 1 would mean that all such replacements
are neutral and would occur at the neutral substitution
rate. An acceptance value of 0.1 for two amino acids
would mean that the rate of replacement across sites
from amino acid ¢ to amino acid j is one-tenth the
neutral rate. Mutations to stop codons are assumed to
be lethal (A = 0) so that the matrix is 61 X 61 instead
of 64 X 64. For simplicity we assume that the same
matrix applies across all sites.

From the N and A matrices we can generate the 61 X 61
Markov transition matrix, G, for codon transitions. In this
matrix the probability of changing from codon x to codon

y (x # y) is given by
C,, =N; XA, (5)

In Equation 5, Nj is the base mutation required to go
from codon x to codon y and A,, is the probability of
accepting a change from amino acid n, the amino acid
coded by codon x, to amino acid m, the amino acid coded
by codon y. Setting A; = 1 for all ileads to amodel in which
there is no selective difference between any synonymous
codons. For any two codons that differ by two nucleotide
changes C,, = 0, so only single base mutations are consid-
ered, and all diagonals are set to make the rows sum to 1
so that it is a Markov matrix. The equilibrium codon
frequencies are determined by calculating ¢, which is any
row of C'for large values of ¢ as described above. This vec-
tor can be used to calculate skew for any fourfold degener-
ate codon group by the formula (£ — £)/(f + f).

The main difficulty is that there is an infinite possible
parameter space and the matrices are probably unknow-
able, particularly since the parameters will vary across
time and from site to site. Therefore, the approach
taken was not to search the parameter space exhaustively
but, rather, to examine a few biologically reasonable
examples to determine if the equilibrium codon fre-
quencies are such that f; # fi. The A + T content at
twofold degenerate sites was also calculated for every
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TABLE 1

Mutation parameters used to generate the codon-codon transition matrices

Eq. A + T*
Matrix a2 B1 B2 B3 B4 vl v2 (%) T: T,
N, 0.05 0.02 0.001 0.05 0.001 0.25 2.5 69 ~3.5:1
N, 0.1 0.05 0.05 0.001 0.001 0.5 0.02 71 ~3:1
N; 0.1 0.1 0.02 0.001 0.001 0.5 0.01 75 ~2.5:1
N, 0.05 0.05 0.01 0.02 0.005 0.25 0.4 78 ~3:1

“Equilibrium A + T content of noncoding sequence with this mutation matrix.

parameter set to verify that Equation 4 applies when
changes can occur at all three codon positions.

Since this work is ultimately concerned with codon
adaptation in plastid genes, the mutation matrices used
were chosen such that they give rise to noncoding se-
quences that have properties consistent with plastid
noncoding DNA. These are a high A + T content and
a bias toward transitions (MorTON 1995). Four different
mutation matrices were used (Nj, Ny, N3, and N,), which
are summarized in Table 1, with a1 = 0.2 in each matrix
(only the relative values of N are important, not the
scale). The equilibrium A + T contents of noncoding
sequences with these mutation parameters are within
the range observed in plastid DNA and, since they are
all based on N, each results in symmetrical equilibrium
base frequencies. The 7::7; ratios for the matrices are
all ~3:1, the approximate ratio observed in flowering
plant chloroplast DNA (MorToN 1995).

Estimating the amino acid acceptances, as defined
above, is problematic. Obviously, no matrix exists that
could apply to every site in a gene at all times, nor does
one that applies to all proteins exist, but it is possible
to get a rough estimate of the relative probabilities of
fixation of different amino acid changes across all sites.
To accomplish this, we utilized one empirically based
transition matrix for amino acid changes and one matrix
based on a calculation of chemical similarity. The empir-
ical matrix was derived from a study of plastid genomes
(ADpACHI et al. 2000, Table 3). Fach cell in their table
represents the probability of amino acid ¢being replaced
by amino acid jduring a given period of time. To convert
these to acceptances as defined above, every cell in the
matrix was divided by the maximum observed value and
then multiplied by the arbitrary value 0.5. The chemical
similarity matrix was taken from GRANTHAM (1974),
where the chemical distances were converted to accep-
tance values by dividing each by the maximum distance
plus 1.0 and subtracting one-half this value from 0.5 so
that the acceptances range from 0.002 (chemically most
distant) to 0.49 (chemically most similar). For both ma-
trices, then, the maximum acceptance was arbitrarily
set to ~50%, meaning that the highest rate of amino
acid replacement is one-half the rate of neutral changes,
a choice that is discussed below.

From the N and A matrices the full transition matrix
was calculated as described above using Equation 5 and
then the stationary vector of codon frequencies was
determined. All calculations were performed on a Power
Macintosh G3 using a Pascal program written by the
author. The stationary vector was verified by applying
Equation 1 and from ¢ the frequency of each codon
was calculated within each synonymous group. The sta-
tionary frequencies of the NNT and NNA codons of
each fourfold degenerate codon group are given in
Table 2. For Leucine, Serine, and Arginine the codon
frequencies represent the proportion relative to all six
synonymous codons. For each codon group, the skew
between A and T at fourfold degenerate sites is also
given (only A and T are considered since the sequences
are A + T rich). In addition, Table 2 gives the average
A + T content of twofold degenerate sites along with
the predicted influence of selection on the basis of
Equation 4. The average is not weighted by the fre-
quency of occurrence of each synonymous group.

The results in Table 2 demonstrate that mutation
bias and selection on amino acid usage are capable
of generating skew at fourfold degenerate sites in the
absence of selective differences between synonymous
codons. Almost every codon group is skewed at equilib-
rium in the models presented and in some cases this
skew is quite strong, >20%. The degree of the skew, as
well as the direction (fr > fi or fy > f;), varies quite a
bit among codon groups depending on the mutation
model and the acceptance matrix but there is skew in
each case. Due to the enormous parameter space and
the variation across sites and time, demonstrating that
the skew observed in any given gene is the result of
amino acid selection and mutation bias is probably an
impossible task. Despite this, we can draw a more limited
conclusion: The general assumption that fourfold de-
generate sites of coding sequences should follow Char-
graff’s second parity rule in the absence of selective
constraints on synonymous changes is not valid.

Table 2 also supports the model presented above re-
garding twofold degenerate sites. For each combination
of nucleotide mutation model and amino acid accep-
tance matrix the prediction is met. When y1 < vy2 (N,
and Ny) we observe that the equilibrium A + T content



353

*(3x91) § uonenby uo paseq YN ( SUIPOOUOU JO JUANUOD [, + VY 9YI 01 JANE[II SIS 9JLIOUISIP P[OJOM] JO TUNUOD [, + V o3 udamaq diysuone[or paorpaid,
“(1 2I9eL 29s) YNA (DN) Surpoouou jo yuaiuod |, + Y wnuqimby,
'sdnoi8 uopoo 91e1ausa8ap pProjomy Jo JUANUOD I, + V 5eraae pajyySomup) ,

%001 X (Y + Y) /() —Y) &q pomsesy ,
“UMOYS 21€ SUOPOd TNN PUt VNN 2 A[uQ ‘dnoid jeys Jo suopod snowAuou4s [[e 01 9ANEB[II UIALS ST UOPOd yoes Jo Luanbay oYy,

ﬁ@mwwhuﬁ\: ﬁ@mﬁuguwa ﬁwwﬁw.ﬂuwﬁ— UUwN@hUCH ﬂuwmmthEH @Umﬁwhuwg @wwﬁw.ﬁo@a ﬁwmwwhuﬂm ».ﬂvwknﬁ
8z, ) 1L 69 8z, 9 1L 69 JON
8'8L 812 G'69 L3l L'6L 6'L9 L9 P'8L S 8ay (%) "S9p projomL
g0 8G'T— 91°0 P61 L0 ST 1— 131 o'l MINS
65°0 9¢°0 g0 €60 6570 LE0 ) c6'0 199
6570 8¢°0 gg'0 €670 6570 86°0 9¢°0 $€°0 Vo9 19
670 63'1— 6L°0— oh'g 180 86— 0L'G— P50 MIYS
65°0 LE°0 qg’0 9¢°0 65°0 qg'0 ) g0 109
L 680 650 9¢°0 €80 65°0 0%'0 860 $€°0 VDO ey
£ 830 €L T— - 66°0 95F 01'95— 3L'05— 0L'G MG
S 660 9¢°0 gg’0 ¢6'0 1¥0 82°0 630 9¢°0 LIO
T 650 8¢°0 9¢°0 $€°0 L0 80 0 380 VIO eA
£ 90 35°6— L8 $9'6 €13 PPal— 95°6— o'y MONS
S 0¥ 9¢°0 gg'0 9¢°0 00 €°0 360 9¢°0 IOV
) 650 9¢°0 $€°0 8¢°0 aro 650 €670 VOV L
e}
2 $50 PIF— L9T— 365 100 $1°0 P10— 9G'T— MIYS
2 650 9¢°0 g0 $€°0 6570 LE0 9¢°0 $€°0 10D
T 660 660 9¢°0 €0 65°0 LE0 9¢°0 g0 VOO o1g
g @8F- 993 o q €191 — $9°0— 8G'65 10°81 €5°0— MG
T Gro 310 $1°0 61°0 LT°0 60°0 $90°0 650 19D
S LT0 £0°0 1o 92°0 LT°0 810°0 500 650 VoD 81y
695 60°6— 16— €L°6 ¢T'0 13°0— 6T°0— €0 MYS
820 61°0 030 0£°0 LE0 130 630 LE0 IDL
92°0 630 330 g0 LE0 350 630 LE0 VOL 198
9°0 €91 — - 99'5 816 L6°L— 97— 3611 MS
$1°0 80 91°0 91°0 $1°0 S1'0 91°0 ¢T0 LID
¥1°0 S0 91°0 g0 €10 81°0 810 310 VIO M
N N N N N N N N uopoy
XLrjewr ENQHQNHO XLjew ~£UN@<

S[EPOW UONEINT IPNOI[INU JUIISJJIP JIpun sajis Judis Jo uonisodwod wmriqmby

¢ T1dV.L



354 B. R. Morton

TABLE 3

Plastid genomes used in this analysis

Species Group Accession no. Noncoding DNA*
Cyanophora paradoxa Chlorophyta U30821 23,207
Chlorella vulgaris Chlorophyta AB001684 54,952
Odontella sinensis Chromophyta 767753 16,682
Porphyra purpurea Rhodophyta U38804 24,301
Marchantia polymorpha Pinophyta X04465 20,499
Pinus thunbergii Gymnosperm D17510 30,697
Epifagus virginiana Anthophyta M81884 41,607
Nicotiana tabacum Anthophyta 700044 43,909
Onyza sativum Anthophyta X15901 36,123

“ Number of nucleotides of noncoding DNA extracted from each genome.

of twofold degenerate sites is greater than the A + T
content of noncoding DNA while when vy2 < vyl (N,
and Nj) the equilibrium A + T content of twofold degen-
erate sites is lower than the content of noncoding DNA.

The results given are robust with respect to the choice
of 50% as the maximum acceptance for amino acid
changes. Although the choice is necessarily arbitrary,
variation of this maximum value from 20 to 100% of
the neutral rate had no effect on the general conclusion,
but as the maximum value approaches zero (no amino
acid changes), codon frequencies of fourfold degener-
ate groups equilibrate to the same frequency as noncod-
ing DNA (data not shown). This is to be expected since,
when nonsynonymous substitutions are extremely rare,
the “gain” and “loss” of the codons of fourfold degener-
ate groups occurs essentially only through synonymous
changes. Therefore, skew should be produced only
when amino acid selection is not too strong. The fact
that selection intensity on amino acid changes can in-
fluence codon usage at fourfold degenerate sites again
draws into question the comparison of codon usage at
conserved and variable amino acid sites. Skew was also
generated using the PAM250 matrix (DAYHOFF el al.
1978) as the basis for the acceptance matrix (data not
shown).

Conclusions: Although the model employed is neces-
sarily a simplification of the substitution process, the
factors ignored should not affect the overall conclusion
that selection at the amino acid level can influence
synonymous codon usage. The model does not account
for variation in mutation dynamics as a function of
flanking base composition, which is known to occur in
chloroplast DNA (MorToON 1995), nor does it deal with
variation in selection on amino acid usage across sites
and time, which certainly exists in any protein-coding
sequence. Itis not clear how such variations would affect
equilibrium composition but it is unlikely that they
would completely eliminate the influence observed. It
may be possible to pursue this in future work. Despite
these difficulties, though, the negative examples are
sufficient to demonstrate that selection at the amino

acid level cannot simply be ignored. Given this, we must
conclude that the previous approach to measuring the
influence of selection on plastid gene codon usage
(MoRrTON 1998) was not appropriate. In addition, the
model makes it clear that analyses of composition data
from silent sites in protein-coding regions are not as
simple as commonly assumed.

DETECTING CODON ADAPTATION IN
PLASTID GENES

The work presented above demonstrates that selec-
tion at the amino acid level can potentially influence
codon usage. Here we look at evidence that our previous
analysis (MORTON 1998) was affected by such selection
and then explore an alternative test for codon adapta-
tion in plastid genes. The genes to be analyzed here
are all protein-coding sequences >350 nucleotides in
length from each of the complete genome sequences
listed in Table 3, which are the genomes analyzed pre-
viously (MorToN 1998, 2000). The issue we want to
address is whether or not selection is acting on any
individual gene to specifically increase major codon us-
age, that is, if the gene displays codon adaptation. For
each gene the codon adaptation index (CAI), the most
common measure of the degree to which a gene uses
major codons, was measured using the method of SHARP
and L1 (1987) and the codon fitness assignments de-
scribed previously (MorTON 1998). In addition, from
each genome, all noncoding regions >30 nucleotides
in length were extracted to use in the calculations. The
total amount of this noncoding DNA is given in Table
3 for each genome.

Amino acid selection and the previous resampling
test: Composition data from these genes strongly sup-
port the possibility that the previous test for codon adap-
tation was inappropriate. This is seen most clearly in
those plastid genes with a relatively low frequency of
major codons, defined here as genes with CAI values
<0.4, which are the majority of plastid genes. The cumu-
lative codon usage of these genes deviates from what
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FiGure 2.—Expected and observed A +
T content of twofold degenerate sites for
plastid genes with CAI values <0.4. The
expected A + T content of twofold degener-
ate sites for each species (open bars) is
based on the dinucleotide frequencies of
noncoding sequences. For every amino acid
the expected number of each codon is
based on the total number of occurrences
of the amino acid multiplied by the fre-
quency of the third position nucleotide in
noncoding DNA, conditional on the com-
position of the 5’ base. For example, the
expected number of TTT codons (which,
along with TTC, codes phenylalanine) is
the total number of phenylalanine residues
multiplied by the proportion T/(T + C) in
noncoding DNA when the 5’ flanking base
is a T. The overall expected frequency is
based on the sum of these values across all
amino acids. The observed A + T content

Nicotiana

at twofold degenerate sites of protein-coding sequences is shown for sites with either a pyrimidine (hatched bars) or a purine
(shaded bars). In every species, the twofold degenerate sites have a higher A + T content than does noncoding DNA.

would be observed if silent site composition matched
the composition of noncoding DNA, but the deviation
is not due to an increase in major codon usage in every
codon group. Instead, the deviation is similar to what
could result from amino acid selection as seen above;
in every species twofold degenerate sites from genes
with CAI < 0.4 show a higher A + T content than
expected (Figure 2) while fourfold degenerate sites
show strong skew, even though noncoding DNA is asym-
metric (Figure 3). These deviations cannot be due to
selection for major codons because, while in some co-
don groups major codons are used more frequently
than predicted from noncoding DNA, in other codon
groups the deviation is due to a decreased frequency
of major codons. Specifically, in the codon groups CAY,
GAY, TTY, TAY, and AAY, selection for translation effi-

20 —

Skew

3
=

ciency favors the codon with a C at the third position
(MorToN 1993, 1998) but the genes with CAI values
<0.4 show a higher than expected frequency of T at
the third position (Figure 2). This would not be the
case if there were selection for translation efficiency
since a high frequency of C at the third position of these
codon groups is the most notable feature of plastid
genes with strong codon adaptation (MorTON 1993,
1998) and selection should not act to decrease the fre-
quency of major codons.

Given the composition data, it is probable that the
resampling test was misleading with respect to codon
adaptation. This can be demonstrated by repeating the
resampling procedure based on noncoding dinucleo-
tide frequencies as described (MorTON 1998) and com-
paring observed and expected results without regard to

FIGURE 3.—AT skew, calculated by (f —
A/ (fr + fi) X 100%, in noncoding se-
quences (open bars) and at fourfold degen-

erate sites of protein-coding sequences with
CAI values <0.4 (shaded bars).
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TABLE 4

Number of genes with a codon adaptation index value greater
than expected given noncoding DNA dinucleotide frequencies

No. of genes

Total with CAI greater
Organism genes than expected” %
Cyanophora 81 81 100
Chlorella 53 49 92.4
Odontella 72 68 94.4
Porphyra 116 103 88.8
Marchantia 33 33 100
Pinus 34 31 91.2
Epifagus 19 17 89.5
Nicotiana 31 27 87.1
Oryza 40 36 90.0

“The expected CAl is the mean CAI of the 500 randomly
generated codon tables. The results show the number of genes
with an observed CAI greater than expected without respect
to statistical significance.

statistical significance. When the observed CAI value of
each gene is compared to the mean CAI of the random
codon tables (the expected CAI), we find a positive
deviation for almost every gene (Table 4), meaning that
the overall frequency of major codons is higher than
expected in almost every plastid gene. This deviation
cannot be explained solely by codon adaptation in every
gene as noted already and, further, the deviation in
many of the genes (Figures 2 and 3) could potentially
be generated by selection at the amino acid level. There-
fore, even though we cannot demonstrate conclusively
that selection at the amino acid level is responsible,
given the complexity of the parameters involved, the
evolutionary models presented above and the composi-

tion data presented here are enough to draw this ap-
proach into question. Even in the case of a gene with
a CAlI value significantly higher than expected, conclu-
sions cannot be drawn concerning codon adaptation or
even selective differences between synonymous codons.

It should be noted that the results in Table 4 and
Figures 2 and 3 do not appear to be a result of different
mutation dynamics in transcribed and nontranscribed
DNA. When the calculations are repeated using only
noncoding DNA within 30 nucleotides of a start or stop
codon and are therefore assumed to be transcribed
noncoding DNA, or with intron sequence data where
available, the results are not affected (data not shown).

Recursive resampling approach: The new approach
begins with the assumption, based on the argument
just presented, that the general codon usage features
observed in plastid genes with low CAI values (Figures
2 and 3) are not due to selection favoring major codons.
Given this assumption we can use a recursive resampling
approach to determine which genes are significantly
different from the “cumulative” in their major codon
usage. The null hypothesis is that all genes that lack
codon adaptation show the same pattern of codon usage
bias, but in this case we do not require it to match
noncoding DNA. A corollary of this hypothesis is that
resampling from the cumulative codon pool of genes
lacking codon adaptation can explain the codon usage
of anyindividual gene without codon adaptation. There-
fore, if a gene has a significantly higher frequency of
major codons than predicted from this resampling we
can reject the hypothesis and infer that selection for
codon adaptation acts on this gene.

To start, all of the protein-coding genes of a genome
were combined to generate a cumulative codon pool
for that species. For every gene, 500 replicate copies

TABLE 5

Genes from each species with a significantly large CAI value as determined by the recursive resampling test

Significant CAI

No. values:
Species Genes rejected” Genes rejected noncoding’ (%)
Cyanophora 81 22 (27) apcA apceB apcD apcE apcF atpA atpB cpcA cpeB petA petB petD psaA 75
psaB psal” psbA psbB psbC psbD rbcl rbeS tufA
Chlorella 53 15 (28) atpA atpB atpl petB petD psaA psaB psbA psbB psbC psbD rbel. rps3 63°
rps12 tufA
Odontella 72 11 (15) atpA atpB psaA psaB psbA psbB psbC psbD rbeL rbeS tufA 48
Porphyra 116 9 (8) apcA atpB cpcA cpcB cpeC petB psbA rbel. tufA 37
Marchantia 33 5 (15) atpA psaA psbA psbC rbeL 50
Pinus 34 1 (3) psbA 24
Epifagus 19 0 None —
Nicotiana 31 2 (7) psbA rbeL 11
Oryza 40 2 (5) PpsbA rbeL 8

“The number of genes for which the null hypothesis was rejected (see text). Percentages are in parentheses.
’Results from MorTON (1998) using noncoding DNA to estimate an expected level of codon adaptation. Epifagus was not

included in that study.

‘Results from MorTON (2000) using noncoding DNA to estimate an expected level of codon adaptation.
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with the same amino acid usage as the gene itself were
then generated randomly by drawing, with replacement,
from the combined codon pool. The average (ex-
pected) CAI of the random set was then calculated along
with the standard deviation. For a gene with an observed
CAI more than three standard deviations greater than
expected, the null hypothesis was rejected and the gene
was then set aside. Following the first run, all genes that
had been set aside were taken to have significant codon
adaptation and excluded from further analysis. The re-
maining genes were then combined and the process was
repeated so that the codons from those genes rejected in
the previous step were not used in the resampling pro-
cess. These steps were continued until a run was com-
plete without any genes found to have a significantly
greater CAI than expected.

The results of this test are given in Table 5, which
indicates the genes from each species for which the null
hypothesis is rejected. The proportion of genes found
to have significant codon adaptation in the previous
study is also given in Table 5 for comparison. In every
species, a minority of genes was found to have a signifi-
cantly higher frequency of major codons than expected
from the cumulative codon usage. Essentially every gene
for which the null hypothesis is rejected is known from
studies of protein translation levels to be highly ex-
pressed (see MorRTON 1998). These are primarily the
core photosystem I (designated by psa) and photosystem
II (psb) genes, major subunits of the ATPase (atp), and,
in those species that code them, the phycobilisomes
(cpc) and allophycocyanins (apc). Of particular interest
is that the null hypothesis is rejected for psbA, the most
highly translated plastid gene, in every case. Overall,
the number of genes inferred to have codon adaptation
is much lower using the current approach, particularly
in the algae and the liverwort Marchantia. In addition,
the parasitic Epifagus (not included in the previous
study), which has lost all photosynthesis genes, includ-
ing psbA, from its genome (WOLFE ef al. 1992), has no
gene that is significantly different from the cumulative
pool. Using a less stringent approach of setting aside
genes that were two standard deviations or more above
the mean gave very similar results.

As an estimate of codon adaptation, the current ap-
proach is likely to be more accurate than the previous
test and may prove promising in other genomes. How-
ever, although this approach allows us to infer which
plastid genes show evidence for selection on translation
efficiency, the null hypothesis assumes homogeneous
codon usage by those genes lacking codon adaptation.
It is not clear how much variation among genes could
exist in the absence of selection for translation effi-
ciency, but the potential does exist that such variation
could render the null hypothesis invalid. This can be
investigated in future studies on factors other than co-
don adaptation that influence codon usage. In the case
of plastid genes, though, the fact that a small number

of highly expressed genes show statistically significant
CAI values relative to the cumulative codon pool is
strong evidence that selection acts on these genes spe-
cifically to increase major codon usage.

I thank two anonymous reviewers for their extremely helpful com-
ments. This work was supported in part by grant MCB-9727906 from
the National Science Foundation.
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